+ synthetase is an essential enzyme and a validated drug target in Mycobacterium tuberculosis (mtuNadE). It catalyses the ATP-dependent formation of NAD + from NaAD + (nicotinic acid-adenine dinucleotide) at the synthetase active site and glutamine hydrolysis at the glutaminase active site. An ammonia tunnel 40 Å (1 Å = 0.1 nm) long allows transfer of ammonia from one active site to the other. The enzyme displays stringent kinetic synergism; however, its regulatory mechanism is unclear. In the present paper, we report the structures of the inactive glutaminase C176A variant in an apo form and in three synthetase-ligand complexes with substrates (NaAD + /ATP), substrate analogue {NaAD + /AMP-CPP (adenosine 5 -[α,β-methylene]triphosphate)} and intermediate analogues (NaAD + /AMP/PP i ), as well as the structure of wild-type mtuNadE in a product complex (NAD + /AMP/PP i / glutamate). This series of structures provides snapshots of the ammonia tunnel during the catalytic cycle supported also by kinetics and mutagenesis studies. Three major constriction sites are observed in the tunnel: (i) at the entrance near the glutaminase active site; (ii) in the middle of the tunnel; and (iii) at the end near the synthetase active site. Variation in the number and radius of the tunnel constrictions is apparent in the crystal structures and is related to ligand binding at the synthetase domain. These results provide new insight into the regulation of ammonia transport in the intermolecular tunnel of mtuNadE.
INTRODUCTION

NAD
+ synthetase from Mycobacterium tuberculosis (mtuNadE) is a validated drug target for the treatment of tuberculosis [1] . This enzyme is essential for NAD + production in M. tuberculosis because it catalyses the last step of NAD + biosynthesis (Figure 1 ) of both the de novo and recycling pathways [1] . The reaction proceeds through an acyladenylated [NaAD + (nicotinic acidadenine dinucleotide)-AMP] intermediate, which subsequently undergoes nucleophilic attack by ammonia [2] [3] [4] . Two classes of NAD + synthetases have been identified [5] . The first class is an ammonia-dependent enzyme present only in prokaryotes, such as Bacillus subtilis [6] and Escherichia coli [7] , and some Archaea. This enzyme has a single domain responsible for the synthetase activity and uses exogenous ammonia as the nitrogen source [6] [7] [8] [9] . The second class is a glutamine-dependent enzyme present in all eukaryotes, some prokaryotes, such as M. tuberculosis [10] and Thermotoga maritima [11] , and Archaea. This glutaminedependent NAD + synthetase belongs to the GAT (glutamine amidotransferase) family. GAT enzymes catalyse two coupled reactions occurring at two remote active sites connected by an ammonia tunnel [12] . The first reaction, L-glutamine (glutamine) hydrolysis, is catalysed by one of four glutaminase domains identified in GAT enzymes [13] [14] [15] . Glutamine-dependent NAD + synthetase is the only GAT enzyme with a glutaminase domain belonging to the nitrilase family, which is characterized by a CysGlu-Lys catalytic triad [16, 17] . The second reaction includes the nucleophilic attack of ammonia on an acceptor substrate and is catalysed by a synthase/synthetase domain [13, 18] . This domain varies significantly among GAT enzymes depending on the acceptor substrate and the final product [12, 13] . The synthetase domain of the glutamine-dependent NAD + synthetase is classified in the N-type ATP pyrophosphatase family [10] and shares 17-20 % sequence homology with the ammonia-dependent NAD + synthetases [6] [7] [8] [9] . GAT enzymes contain ammonia tunnels and display some degree of kinetic synergism between the active sites. However, their similarity is relatively superficial if one considers that the degree of co-ordination varies significantly [19] [20] [21] and that all ammonia tunnels identified in GAT enzymes are not structurally related because they are mainly located at the diverse synthase/synthetase domain of GAT enzymes [18] . Consequently, no common paradigm has been identified for the regulation of catalysis in these multifunctional enzymes.
Previously, we solved the first crystal structure of wildtype mtuNadE with bound DON (6-diazo-5-oxo-L-norleucine) and NaAD + at the glutaminase and synthetase active sites respectively [10] . Although this complex is not a good mimic of a productive complex, it revealed unique properties of mtuNadE compared with other GAT enzymes. The structure shows a unique 40 Å (1 Å = 0.1 nm) long ammonia tunnel that connects the glutaminase and synthetase active sites from two different subunits. Remarkably, this tunnel crosses two subunits with the contribution of a third subunit at the domain interface. The structure also shows that, unlike most identified ammonia Abbreviations used: AMP-CPP, adenosine 5 -[α,β-methylene]triphosphate; bsuNadE, NAD + synthetase from Bacillus subtilis; CCD, charge-coupled device; DON, 6-diazo-5-oxo-L-norleucine; GAT, glutamine amidotransferase; mtuNadE, NAD + synthetase from Mycobacterium tuberculosis; NaAD + , nicotinic acid-adenine dinucleotide.
Structure factors and atomic co-ordinates of the different complexes of mtuNadE have been deposited in the PDB under accession codes 3SDB for apo enzyme (form I), 3SEZ for synthetase substrates complex (form II), 3SEQ for synthetase substrate analogue complex (form III), 3SZG for synthetase intermediate analogues complex (form IV) and 3SYT for products complex (form V). 1 To whom correspondence should be addressed (email bgerrata@umd.edu). tunnels in GAT enzymes that are uniformly hydrophobic [3, [22] [23] [24] [25] and few that are entirely hydrophilic [26] [27] [28] [29] , the ammonia tunnel in mtuNadE displays mixed hydrophobic and hydrophilic properties. Similar to other GAT enzymes, kinetic evidence shows that catalysis at the two active sites in mtuNadE is tightly regulated [10] by the activation of the glutamine hydrolysis upon a catalytic event at the synthetase active site. We hypothesized previously that the formation of the synthetase intermediate analogues complex, NaAD-AMP intermediate and PP i , triggers structural changes leading to this activation. In the present paper, we report definitive kinetic evidence that the intermediate analogues complex formation step activates the glutaminase domain. We have also characterized the crystal structures of mtuNadE complexes representative of the different enzyme forms during the catalytic cycle in an effort to define structural changes responsible for the enzyme regulation and gating of ammonia tunnel between the two active sites. Specifically, we describe four crystallographic structures of the inactive glutaminase C176A variant in the apo form (form I) and in complexes with the synthetase substrates (form II), an ATP substrate analogue (form III) and the synthetase intermediate analogues (form IV), and one crystallographic structure of the wild-type in complex with the products (form V). These structures, in addition to the mutagenesis studies included, provide insight into the control of ammonia transport in the tunnel by the transient formation of constrictions and the identification of residues lining the constrictions that are likely to be crucial for intersubunit signalling in mtuNadE.
EXPERIMENTAL
Mutagenesis, protein purification and steady-state kinetic assays for NAD + synthetase
Substitution of alanine for Cys 176 has been reported previously [10] . The site-directed mutagenesis of L486A, L486F and Y58A were carried out using the Stratagene QuikChange ® SiteDirected Mutagenesis kit. Wild-type and variant enzymes were expressed, purified and characterized as described previously for the wild-type enzyme [10] . The CD spectra of the variants and wild-type were similar (Supplementary Figure S1 at http://www.BiochemJ.org/bj/443/bj4430417add.htm), suggesting that no remarkable changes in the secondary structures were caused by these mutations. Assays for the glutaminase and synthetase activities of these variants of NAD + synthetase were performed as described previously [10] by monitoring glutamate and NAD + production respectively. Detailed protocols can be found in the Supplementary Online Data at http://www. BiochemJ.org/bj/443/bj4430417add.htm.
Crystallization
The concentrations of precipitant, glycerol and pH used previously to crystallize the wild-type mtuNadE in complex with DON/NaAD + [10] were finely adjusted in order to cocrystallize the reported complexes by the hanging-drop vapourdiffusion method at 20
• C. Different combinations of the ligands NaAD + (3 mM), ATP (4 mM, K m = 0.12 mM) [10], AMP-CPP (adenosine 5 -[α,β-methylene]triphosphate) (7 mM,
+ (6 mM), AMP (10 mM), PP i (4 mM), glutamate (100 mM) and MgCl 2 (10 or 120 mM) were used in the co-crystallization experiments. The ligands were added in the following order to prepare the protein and ligand mixtures and avoid precipitation: glutamine/glutamate, NaAD + /NAD + , ATP/AMP/AMP-CPP, PPi and MgCl 2 . Thin plate-like crystals grew under conditions containing 1.2-1.6 M ammonium citrate tribasic at pH 6.5-8.0 with 5-15 % (v/v) glycerol. In an attempt to grow crystal of the intermediate analogues complex in alternative crystallization conditions, the Index (Hampton Research), Wizard I, II, III and IV (Emerald BioSystems), and Cryo and PEGs-II Suites (Qiagen) screen kits, were used. Good-quality plate-like crystals (∼ 0.3-0.5 μm) were obtained in 1.6 M potassium phosphate dibasic and 60-120 mM sodium phosphate monobasic monohydrate. Detailed protocols can be found in the Supplementary Online Data.
Data collection and processing
To obtain full occupancy of ATP, AMP and AMP-CPP after 4 months of incubation at 20
• C, crystals grown under the ammonium citrate tribasic conditions were transferred to drops containing freshly prepared ligands and 15 % glycerol for 30 s, followed by immersion in liquid nitrogen. For the crystals grown under the potassium phosphate dibasic conditions without a cryoprotectant, the crystals were soaked in a stepwise gradient of glycerol amounts (5, 10, 20 and 30 %) in precipitant including the ligands with the incubation time of 10 s per step before flash freezing.
Data collection from crystals for the four complexes were acquired at the Stanford Synchrotron Radiation Lightsource (SSRL), Menlo Park, CA, U.S.A., at beamlines BL9-2 and BL11-1 on a MarMosaic 325 CCD (charge-coupled device) detector. The crystal in the apo form was collected on an ADSC Quantum 315 CCD detector at the beamline 24-ID-C of the Advanced Photon Source, Argonne National Laboratory (Argonne, IL, U.S.A.). For all datasets, crystals were maintained at ∼ 100 K, 500-790 frames were collected with a fine slicing rotation (0.25-0.5
• ) per frame, and exposure times were 5-20 s/
• . All images were processed and scaled using DENZO and SCALEPACK from HKL2000 suite [30] .
In order to collect data for the plate crystal grown in the potassium phosphate dibasic condition (form IV), a small beam of 50 μm × 75 μm with a very fine oscillation of 0.1
• was used. The data were processed and scaled using the XDS program [31] .
Structural determination and tunnel identification
Structure solutions and model refinements of the C176A variant in forms I, II, III and IV, and wild-type in form V were performed with PHENIX [32] . The structure of wild-type in complex with DON/NaAD + (PDB code 3DLA [10]) was used as the search model for the molecular replacement method using AutoMR wizard in PHENIX [33] . Crystals in complexes with ligands exhibited the symmetry of P4 1 2 1 2 space group and contained four molecules in one asymmetric unit, whereas the crystal in the apo form belongs to the I422 space group with one molecule per asymmetric unit. The first model obtained from the AutoBuild wizard [33] was built manually using COOT [34] followed by iterative cycles of restrained atomic parameter refinement with Phenix.refine [33] . For each cycle of refinement, the NCS (non-crystallographic symmetry) restraints were applied (except for the apo structure), as well as the TLS (Translation-Liberation-Screw-rotation) [35] calculated using the TLS Motion Determination web server [36] . During the last cycles of refinement, water molecules were added into the model as indicated by the F o − F c electron-density map (at 3σ ) and ligands were built into a simulated annealing omit map (2F o − F c at 1σ ) calculated using the CNS program [37] . The ligand dictionaries were assigned and created by LIBCHECK, a part of the CCP4 suite [38] and XPLO2D [39] . The torsion angles of the nicotinic and the nicotinamide moieties of NaAD + and NAD + respectively were not restrained. The structural validation was carried out using Molprobity [40] . Figures were prepared with PyMOL (http://www.pymol.org).
The molecular tunnel was calculated from the crystal structures using CAVER [41] . The ligands and water molecules bound in each structure were excluded from the calculation. For the mtuNadE structure, glutamine and ammonia tunnels were calculated from the starting point of Tyr 58 , Glu 61 and Leu 242 , the glutaminase residues near the glutaminase active site. For the determination of the tunnel profiles, the tunnel radius was plotted against the relative positions in the tunnel. The van der Waals radius of the ammonia molecule of 1.6 Å [42] was used as a cut-off to define the tunnel constriction. The residues located within a 4 Å sphere from the narrowest point of the tunnel were determined as the residues forming the constriction. It should be noted that the electron densities of the ligands in molecule C of forms II, III, IV and V were better than those for the other three molecules in the asymmetric unit and this molecule was therefore used constantly for structural analysis and tunnel calculation.
RESULTS AND DISCUSSION
Quality and oligomeric structure of the mtuNadE structural models
In order to elucidate the structural basis for the mechanism of regulation of the ammonia transport and of the co-ordination of the glutaminase and synthetase activities in mtuNadE, we solved the structures of the apo enzyme (form I) and of four complexes with ATP and NaAD + (form II), with the nonhydrolysable analogue of ATP, AMP-CPP and NaAD + (form III), with AMP/PP i and NaAD + (form IV), and with AMP/PP i and NAD + (form V). The crystal structures were solved at resolutions between 2.0 and 2.73 Å, and refined to R work and R free between 15.7 and 19.2, and 19.6 and 22.9 % respectively, with good stereochemistry. Ramachandran plots of all structures show 99.8-100 % of all residues within the allowed regions and with greater than 96.4 % of residues in favoured regions (Table 1) . One outlier per chain was found in the structures of forms I, II and V, but all were supported by clear electron densities. Cys 176 , the nucleophile for the glutaminase reaction, was also an outlier in the DON/NaAD + complex, suggesting that this distinct conformation could be a requirement for catalysis. In some subunits, the density of Ser 0 , the N-terminal tag remaining after proteolysis, was unclear, as well as some side chains of residues fully exposed to the solvent. Similar observations were made in the DON/NaAD + complex structure reported previously [10] . In all cases, these side chains and Ser 0 were not included in the structures. Three loop regions named P1 loop (residues 401-407), region 2 [10] (residues 441-450) and P2 loop (residues 542-558) were disordered and were not modelled in either apo or ligandbound structures. The oligomeric structures of the apo structure and of the four complexes are composed of two tetrameric rings of four glutaminase domains forming the core and four synthetase domains forming the corners of a square, which is very similar to that observed previously for the DON/NaAD + complex [10].
Synthetase domain-binding sites
Only half of the synthetase-binding sites were occupied in the DON/NaAD + structure reported previously [10] . In the present paper, we report the first structure of a glutamine-dependent NAD + synthetase with the synthetase active site fully occupied. The structure with substrates bound (form II) was obtained despite the presence of all the synthetase substrates including ammonia under crystallization conditions favourable for turnover. This complex was obtained by briefly soaking the mtuNadE crystal in freshly prepared substrates solution before freezing. The orientations of the NaAD + molecule in this complex and in the others, forms III and IV, and of the NAD + molecule in form V are similar to that in the structure reported previously . This is consistent with the requirement of an ordered nicotinic ring for close proximity between the nucleophile and the electrophile in the nucleophilic attack of the carboxy oxygen of NaAD + on to the α-phosphorus of ATP to form the NaAD-AMP intermediate ( Figure 2C ). The majority of the interactions of NaAD + and NAD + with the active-site residues are with the ADP moiety. Minimal contact is established between the nicotinic ribose moiety as is evident from the different orientations and high Bfactors of these moieties in the different complexes (Figures 2A  and 2B ). The only residue interacting with the nicotinic ribose moiety in all structures is Trp 490 , a chemically conserved residue among prokaryotic and eukaryotic NAD + synthetases, which establishes a π interaction with the nicotinic ring ( Figure 2C ). In addition, Asp 497 possibly contributes to the orientation of the nicotinic carboxy group for nucleophilic attack on the α-phosphorus of ATP as found in bsuNaDE structure [4] and makes a hydrogen bond with the amide group of the nicotinamide moiety in the products complex (form V, Figure 2C ).
The ATP-binding site is located in a deep cleft formed solely by a single subunit next to the NaAD + -binding site. The binding mode of the adenosine moiety of the ligands at the ATP-binding site in the different complexes is very similar. Most residues lining the ATP-binding site are conserved among the glutamine-dependent NAD + synthetases, whereas residues not conserved, such as Leu 399 and Gly 366 , interact with the adenine ring and the adenylyl ribose with the backbone oxygen and nitrogen (Figure 3) . The adenine ring of the ATP molecule establishes a π interaction with the guanidinium group of Arg 462 , a strictly conserved residue among prokaryotic and eukaryotic NAD Figure 3A) . The α-and γ -phosphates of the AMP-CPP molecule are rotated by 45
• and 180
• compared with that of the ATP molecule. It suggests that the rotation of polyphosphate tail in substrate analogue AMP-CPP might cause a difference in the structure of the P2 loop, which bind directly to the polyphosphate group of the adenine nucleotide. However, as mentioned above, the synthetase-binding site is open and exposed to solvent, therefore it should be that the synthetase-bound ligands are highly flexible. Disordered P1 and P2 loops expose to solvent the bound synthetase ligands resulting in high B-factors for the ligands, as shown in Table 1 . However, the presence of these ligands was confirmed by simulated annealing omit maps (Supplementary Figure S3 at http://www.BiochemJ.org/bj/443/bj4430417add.htm). Similar loop structures, albeit different in length and sequence, are located at the active site of the ammonia-dependent NAD + synthetase, an enzyme structurally most similar to the synthetase domain of mtuNadE based on an SSM search [RMSD (root mean square deviation) range 1.73-2.07 Å for 201-211 matched residues]. The P2 loop is stabilized in the ammonia-dependent NAD + synthetase [4,6,43] by co-ordination of the Mg 2 + ion with the phosphate group of the synthetase ligands and with loop residues. Despite the full occupancy of the synthetase active site and the use of up to 120 mM MgCl 2 in the crystallization drops and reservoir, no ordered Mg 2 + ion was observed in the glutamine-dependent NAD + synthetase structures reported in the present paper. The failure to obtain an ordered Mg 2 + ion bound might come from the use of ammonium citrate tribasic as a crystallizing agent since its chelating property might preclude Mg 2 + co-ordination. As in some other GAT enzymes, the glutaminase activity is increased significantly during normal turnover compared with the basal glutaminase activity in the absence of the synthetase substrates [19, 20, 44] . This and the absence of activation in the presence of analogues of the synthetase substrates led us to hypothesize that the activation is triggered by the formation of the intermediates complex in the synthetase domain [10] . We were able to partly rescue the activation of the glutaminase domain in the presence of AMP, NaAD + and PP i /Mg 2 + (Table 2) , with AMP and NaAD + acting as analogues of the NaAD-AMP intermediate. Removal of one of these ligands abolishes the activation. These results suggest that activation of the glutaminase domain in mtuNadE is linked directly to the formation of the NaAD-AMP intermediate and PP i complex. We therefore attempted to crystallize the intermediates complex using the ammonium citrate tribasic conditions. However, as mentioned above for the other complexes, this complex also lacked Mg 2 + ions in addition to PP i , which we initially attributed uniquely to the chelating properties of the citrate (results not shown). In our efforts to obtain a structure of the intermediates complex with the synthetase active site fully occupied including Mg 2 + ions and PP i , we performed additional screening to identify a new set of conditions for the growth of well-diffracting crystals that might provide an intermediates structure with loops P1 and P2 ordered. We were able to obtain well-diffracting crystals belonging to the same P4 1 2 1 2 space group in the presence of 1.6 M potassium phosphate dibasic as precipitant. Whereas these new conditions allowed us to determine the intermediates complex structure with PP i also bound, no electron densities for Mg 2 + ions and for loops P1 and P2 were observed. The high concentration of a weak chelator such as phosphate buffer could account for the absence of Mg 2 + ions, but other factors such as the high ionic strength in the crystallization drop might play a role. In addition, the absence of turnover in a crystal of mtuNadE after briefly soaking in a synthetase substrates solution containing NH 4 + and Mg 2 + ions suggests that the crystal packing favours the open inactive conformation of the active-site loops.
Glutaminase domain active site
As noted above, in the absence of the intermediates complex at the synthetase domain, the glutaminase activity is significantly impaired. The structure with DON/NaAD + reported previously [10] did not provide any clues to possible structural changes involved in the activation except for distances over 3.6 Å from the carbonyl oxygen and methylene carbon of the irreversible inhibitor DON to the catalytic triad ( Figure 4A ). We hypothesize that small structural changes occur in order to reposition the catalytic triad within 3 Å of the amide moiety of glutamine upon formation of the intermediate complex at the synthetase active site. In an effort to obtain the glutamine-bound complex in a productive conformation of the glutaminase domain, we co-crystallized the C176A variant in complex with glutamine and the synthetase ligands (NaAD + , AMP and PP i /Mg 2 + ) that activate the glutaminase domain. Although 20 mM glutamine (>10-fold the K m ) was used in the crystallization drop, only glutamine-free structures were obtained. However, we were able to trap glutamate in the glutaminase active site of the wild-type mtuNadE structure (form V) by including 100 mM glutamate in the crystallization drop ( Figure 4A ). This represents the first structure of mtuNadE with both synthetase and glutaminase active sites fully occupied, except in subunit B (DON-2) , whereas the other three subunits only had one conformation (DON-1) [10] . The simulated annealing omit map electron density of glutamate is shown in green mesh (2F o − F c , 1σ ).
for Mg 2 + ions. The product glutamate is visible in all four subunits of the products complex ( Figure 4B ), but it is highly disordered, as indicated by differential binding between the four subunits and high B-factors (Table 1) . A similar high degree of conformational flexibility was observed for the glutamine analogue DON as in the structure reported previously [10] ( Figure 4B ). The main difference between the DON-and the glutamate-binding sites is that the glutamate-binding site is moved back from the innermost catalytic pocket compared with the covalently bound DON molecule. The only hydrogen-bond interaction between glutamate or DON and active-site residues that does not involve the δ-carboxy moiety is between the α-amino of glutamate or α-carboxy group of DON and the hydroxy group of Tyr 127 . In addition, two weak interactions present in the glutamate complex, but absent from the DON complex, involve the carboxy group of the glutamate side chain and the hydroxy group of Ser 203 , a strictly conserved residue among prokaryotic and eukaryotic NAD + synthetases, and the α-carboxy group of glutamate and the guanidinium group of Arg 128 (Figure 4A) . The high disorder of the ligands bound at the glutaminase active site, the lack of strong interactions with active-site residues and the inability to bind glutamine in the C176A variant suggest that the main contribution to glutamine binding is the formation of the covalent bond between the δ-carbon of glutamine and the sulfur of Cys 176 . This hypothesis is supported by the failure to observe inhibition of the mtuNadE enzyme by glutamine analogues unreactive towards Cys 176 nucleophilic attack, such as L-glutamic acid 5-methyl ester, L-ornithine and the product glutamate at concentrations up to 20 mM. The lack of inhibition by glutamate and lack of a specific binding site for glutamine were also observed in the GMP synthetase enzyme, which also has a cysteine nucleophile at the glutaminase domain and catalyses a similar reaction through an acyladenylated intermediate at the synthetase domain [2] . In addition, both synthetase active sites contain a structurally conserved nucleotide-binding motif for binding of the polyphosphate group [2, 45] . A binding site for glutamine in GMP synthetase was proposed to form only upon a specific unidentified event in the catalytic cycle and glutamate was to dissociate before formation of the synthetase products [2, 45] . Considering the different degrees of the kinetic synergism (very high for NAD + synthetase and very poor for GMP synthetase) and activators (intermediate analogues complex for NAD + synthetase and substrates for GMP synthetase), we propose that in NAD + synthetase the correct positioning of the catalytic triad and formation of a weak binding site for glutamine transiently occur during the catalytic cycle as in GMP synthetase, but it is triggered by the intermediate analogues complex formation at the synthetase active site unlike in GMP synthetase, where it is the substrates complex. Similarly to GMP synthetase, once glutamate is formed, the glutaminase active site readjusts to the inactive conformation, thus promoting the dissociation of glutamate even before formation of the synthetase products.
Control nodes in the ammonia tunnel for ammonia transfer
The ammonia tunnel that connects the glutaminase active site to the synthase/synthetase active site is a common structural feature of GAT enzymes. The different structural composition of the ammonia tunnel of GAT enzymes is reflected in different mechanisms of ammonia transport [3, 22, 25, 28, [46] [47] [48] . Unique among these diverse ammonia tunnels is the tunnel of mtuNadE with its intermolecularity, its mixed hydrophobic/hydrophilic character and multisubunit compositions [10] . All of the tunnels identified in the complexes reported in the present paper share these same unique characteristics of the ammonia tunnel identified previously in the DON/NaAD + structure [10] . Their presence in multiple crystal forms indicates that they are an important and major feature of mtuNadE. The complexes provide snapshots along the catalytic cycle and reveal significant changes in the constrictions of the tunnel associated with the presence of different ligands at the synthetase active sites ( Figure 5 , and Supplementary Figure S4 at http://www.BiochemJ.org/bj/ 443/bj4430417add.htm). It should be noted that significant changes in the orientation of residues forming the constrictions were not observed. The differences in tunnel radius between the complex structures are the results of subtle changes in the position of residues forming the constrictions.
The first position of the NH 4 + ion, represented by an ordered solvent molecule (Figure 4A ), is at the entrance of the ammonia tunnel within hydrogen-bond distance to the catalytic residues Cys 176 and Lys 121 . This solvent molecule could be an NH 4 + ion considering the high concentration of NH 4 + ions in the crystallization conditions. Just after this position, the tunnel tightens at constriction 1 formed by three hydrophobic residues, Tyr 58 , Phe 130 and Pro 204 ( Figure 5 ). Phe 130 belongs to the YRE loop (residues 127-132) ( Figure 4A ), a short structural element proposed previously to be part of the communication pathway from the glutaminase active site to the synthetase active site [10] . The YRE loop also interacts with the Tyr 58 hydroxy group through Glu 132 ( Figure 4A ). Unfortunately, attempts to mutate Tyr 58 produced a structurally unstable variant that was inactive within 3 days (initial k obs of 0.0210 + − 0.0001 s − 1 ) making it difficult to distinguish between the effects on catalysis due to global structural changes compared with the point mutation. In all complexes, constriction 1 is the major bottleneck of the ammonia tunnel ( Figure 5 and Supplementary Figure S4 ), ranging from 0.69 Å in the apo structure (form I) to 1.03 Å in the products structure (form V) compared with the ammonia radius of ∼ 1.6 Å [42] . Adjacent to constriction 1, the tunnel's radius abruptly decreases (constriction 1*) by the side chain of Tyr 58 especially in the apo structure (form I) and products complexes (form V) as illustrated by the sharp peak in the tunnel profiles ( Figure 5 ). The extent of the constriction at the entrance of the ammonia tunnel, especially at constriction 1, seems to indicate that the opening of the tunnel may occur through a gating mechanism mediated by Tyr 58 or Phe 130 , as seen in glucosamine-6-phosphate synthase in which gating by a tryptophan residue was reported [42] . The inability to obtain a structure with the tunnel open at this position might be linked to the inability to obtain an intermediate structure with the P2 loop ordered and Mg 2 + bound. Alternatively, as suggested by molecular dynamics in imidazole glycerol phosphate synthase [49] , these constrictions can relax transiently by breathing motions coupled to an allosteric signal at the synthetase active site. Therefore, in mtuNadE, the full opening of the ammonia tunnel might occur as a short-lived event when the synthetase intermediates complex is formed and the P2 loop is ordered.
After the first entry gate, the ammonia tunnel is fully open with an average radius of ∼ 2 Å until the second constriction area located roughly halfway into the tunnel. Constriction 2 was reported previously [10] and is renamed 2B in the present paper because of the identification of two additional constrictions just before (2A) and after (2C). Constriction 2B is formed by a cluster of hydrophobic residues, including Leu 486 , Ala 506 , Leu 639 , Pro 640 and Gly 642 . This constriction was found in all complexes, but not in the apo structure, suggesting that substrate binding induces it. In an attempt to widen or narrow this constriction, Leu 486 was mutated to alanine or phenylalanine. The L486A variant has similar channelling efficiency as the wild-type. However, only a 16-fold activation of the glutaminase domain is observed D) . The tunnel profile illustrates the strategy used to identify tunnel constrictions in all complexes by using the ammonia radius as a cut off (1.6 Å) [42] . The length of the ammonia tunnel between constrictions 1 and 3 is 34 Å in the apo enzyme and intermediate analogues complexes. In the synthetase substrates and products complexes, the tunnel lengths are measured from constriction 1 to 2C because of the absence of constriction 3. (Table 3) . On the other hand, the L486F mutation results in an enzyme with a decrease in channel efficiency (73.7 % channel efficiency for L486F compared with 95 % for wildtype, and 58.8 % channel efficiency for L486F compared with 73 % for wild-type in the presence of 1.5 and 20 mM glutamine respectively) and with a 24-fold activation of the glutaminase domain (Table 3 ). The decrease in glutaminase activation in both variants suggests that this hydrophobic constriction plays a role in the communication between the active sites. The absence of any effect in L486A and the decrease of the channelling efficiency in L486F caused by the introduction of a smaller side chain and by a larger side chain respectively is consistent with breathing motions of the protein, allowing ammonia to pass the constriction as discussed above with regard to constriction 1.
Constriction 2A is a novel constriction found only in the products complex and formed predominantly by the hydrophilic residues including Asp 241 , Lys 644 and Ser 652 , and the non-polar Ala 650 . Of these residues, only Asp 241 belongs to the glutaminase domain, whereas the other residues are located in a highly variable region at the C-terminus of the synthetase domain. These residues are at the interface of the glutaminase and synthetase domains, suggesting that ionic interactions are crucial for in these constrictions identify this stretch of the tunnel as highly pliable with residues partially blocking the ammonia passage upon small positional changes. These constrictions represent the last impediment for ammonia transfer in all complexes except for the apo structure (form I).
Whereas none of the constrictions 2 mentioned above are found in the apo structure, the only constriction identified in this structure besides constriction 1 is constriction 3 just before the synthetase active site. Constriction 3 is predominantly formed by the negatively charged carboxy groups of Asp 497 and Glu 485 , both strictly conserved, in addition to the carbonyl backbone of Gly 481 . Asp 497 could act as a general base for the activation of an NH 4 + ion to ammonia, if an NH 4 + ion is transferred, or as the last site for the hydrogen-bonding interaction if ammonia is transferred [4, 10] . This constriction narrows down to 1.16 Å in the resting state (apo structure) and it is slightly opened to 1.51 Å when a single synthetase substrate binds (DON/NaAD + complex). This gate is fully open at >2.51 Å when the synthetase active site is fully occupied (NaAD + /ATP or NaAD + /AMP-CPP) in order to take ammonia from the tunnel to the synthetase active site. Once the intermediate analogues complex is formed, this gate becomes narrow again (1.62 Å) and is re-opened when products are released (2.76 Å).
Crystallization conditions prevented us from obtaining a structure with an ordered P2 loop despite intensive efforts. Although we are aware that the ordering of the P2 loop at the synthetase domain is likely to play an important role in catalysis, the present paper provides the first snapshots of complexes during the catalytic cycle including the apo enzyme, the substrates, the intermediates and the products complexes with a synthetase active site fully occupied. This series of structures visualizes the regulation of the ammonia transport in the intersubunit ammonia tunnel of mtuNadE. The structural data show that the opening and closing of the constrictions in the ammonia tunnel are remotely linked with ligand binding and are consistent with the identity of the ligands bound at the synthetase active site. The structural and kinetic data suggest that opening and closing of the tunnel involves subtle geometric deviation of the residues lining the identified constrictions. The present study opens the door to future molecular dynamics studies of this class of enzymes.
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Figure S1 CD spectra of wild-type and variants of mtuNadE
The CD spectra of C176A, D656A, L486A, L486F and wild-type mtuNadE were acquired over the range 300-185 nm at 37 • C in Na 2 HPO 4 /NaH 2 PO 4 (pH 8.5). The A 280 of all samples was 0.4. The variants have similar spectra to the wild-type. Close-up view of the NaAD + -binding site in the mtuNadE structure in complex with NaAD + /AMP/PP i synthetase intermediate analogues (form IV) superimposed on bsuNadE bound to NaAD-AMP intermediate (2NSY, cyan) . The active-site residues of mtuNadE are shown as yellow and deep purple sticks according to the different subunits to which they belong. NaAD + bound in the mtuNadE structure is shown as orange ball-and-stick, whereas AMP is shown as a transparent orange ball-and-stick. For clarity, all atoms of the bsuNadE ligands are solely coloured cyan. Mg 2 + ions of the bsuNadE structure are shown as cyan spheres. Residues in mtuNadE and in bsuNadE are labelled in black and red respectively. 
